Abstract-A class of actively calibrated line mounted capacitive voltage transducers are introduced as a viable line mountable instrumentation option for deploying large numbers of voltage transducers onto the medium and high voltage systems. Active calibration is shown to reduce the error of line mounted voltage measurements by an order of magnitude from previously published techniques. The instrument physics and sensing method is presented and the performance is evaluated in a laboratory setting. Finally, a roadmap to a fully deployable prototype is shown.
This work proposes a solution to the limitations of line mounted voltage sensing. The main contributions of this work are the following: (1) a detailed physics model of Line Mounted Capacitive Voltage Transducers is presented with experimental validation; (2) the active calibration methodology is detailed along with experiments showing its effectiveness in reducing the voltage magnitude errors; (3) a research roadmap to enable a full deployable solution is given.
The paper is organized as follows. Section II reviews existing line mounted voltage measurement approaches. Section III presents the basic line mounted capacitive voltage transducer. Section IV introduces the active calibration concept and discusses some of its properties. Section V describes the development of a practical prototype. Section VI presents in detail the signal processing methods required. Section VII presents experimental results proving the efficacy of the technology. Finally, Section IX addresses future challenges and opportunities for the proposed sensing technology.
II. LINE MOUNTED VOLTAGE MEASUREMENT METHODS
This section reviews the main classes of line mounted voltage measurement methods and identifies their benefits and limitations.
A. Electrostatic Field Measurement
The electric field generated by an energized power line is measured inside the device at one or more points at varying distances from the line. The measured field is then used to reconstruct the line voltage based on a fixed mapping between the measured field and line voltage. Much of the research on electric field based measurements has focused on the MEMs transducer themselves [2] - [6] . The fundamental limitation for the line mounted electrostatic sensors is the dependence on the physical arrangement of the conductor and the ground, which dictates the observed electric field [7] - [9] . This can change over time, but must be calibrated before sensor deployment and is typically done in a laboratory setting. When the physical environment changes over time, the estimated voltage level will deviate from the true value.
B. Capacitive Voltage Measurement
The term capacitive voltage measurements enumerate a number of different configurations of traditional and nontraditional voltage measurements:
1 Line/Ground Mounted devices are electrically connected both to ground and the line. This method covers CCVTs which are installed in high voltage substations.
2 Ground Mounted devices are connected to ground and capacitively coupled to the energized line. This method is most often associated with 'Capacitively Coupled' measurement and is considered non-contact since it does not need electrical connection to the energized line. The method has found uses in non-contact voltage instrumentation [2] . However, issues with multiple interfering power lines and large distance between the ground and the conductors have limited the accuracy. Some applications have been capable of estimating the power line phase arrangements [10] even with large sensor errors. 3 Line Mounted devices are connected to the energized line and capacitively coupled to earth ground. This method requires electrical connection to the energized line, but does not require grounded connection. The paper focuses on this method since it is the only method that is line mountable, easy to deploy but also (as will be shown) allows for an active calibration procedure enabling high accuracy. There has been some attention paid to line mounted capacitively coupled voltage transducers for high voltage applications. Two previously published patents, [11] and [12] , introduce 'body capacitive voltage measurement' similar to those shown here. Smith-Vaniz and Sieron [11] state the use of a calibrated capacitor divider circuit for determining the voltage on the line. The device is a doughnut shaped conductive material with an identical charge amplifier circuit presented in Section IV-A. Gunn et al. [12] introduce a 'body capacitive' probe comprising of a fixed size sphere which hangs on the power line. They present the sensing circuitry to measure the accumulated charge on the device as well, leading to a simple LMCVT. Like [11] , the calibration of the probe capacitance is done offline.
Yang et al. [13] and Moghe et al. [14] develop a similar understanding of the capacitive coupling and propose methods to track or mitigate changes in probe capacitance. In [13] , multiple conductors are used to mitigate the effect of nearby conductors. The results show a nominal voltage magnitude error of 1 − 12% with 1-5 minute averaging periods. In [14] an algorithm is proposed to mitigate the nearby conductors and determine the height of the device from ground. A parametric model relating the unknown height of the device from ground is used along with long time captures to estimate the height of the device and the probe capacitance. Finally, the estimate of the probe capacitance is used to estimate the line voltage.
Prior and proposed LMCVT technology can be classified in the following classes.
1 Offline Calibration estimates the voltage magnitude from a fixed mapping function which is determined beforehand in laboratory testing [11] , [12] . All electrostatic sensor based methods will fall into this category as well since they rely on a previously computed mapping function. 2 Online Passive Calibration tracks specific changes such as the height of the device or proximity to conductors by processing multiple passive sources [13] , [14] . The changes are tracked in an online manner so that the mapping function changes over time, however the task is performed by processing passive measurements. The commonality in both methods is that passive calibration requires (1) long captures (2) parametric models of disturbances and probe-to-ground capacitance. 3 Online Active Calibration uses active voltage injection onto the capacitive probe and then recover the perturbed value (depending on the probe to ground capacitance). Careful signal design and signal processing techniques track in real time changes to the probe capacitance and estimate the line voltage. The third method is what is proposed here to enable low cost high and medium voltage measurement technology. Unlike passive techniques, this method does not require parametric models, and can compute the capacitance directly via pilot signaling mechanism. It can also be done in very fast time scales.
III. PHYSICAL MODEL OF LINE MOUNTED CAPACITIVE VOLTAGE TRANSDUCER
Various properties of a body capacitive probe are modeled through the first principles of the devices physical operation. First the charge accumulation of an ideal conductor held at the high voltage which leads to the floating capacitor is introduced. Then, the effective capacitance of the system is discussed as well as interference effects on nearby conductors.
A. Ideal Body Capacitive Probe Model
Figure 1(a) introduces an ideal body capacitive probe. The probe is a conducting sphere of radius r probe . Although it is impractical for a final device to be a round sphere, this model is used since its capacitance is simple to compute.
Connected to the sphere is an ideal charge sensor that measures the charge that accumulates on the surface of the conductor. The model assumes that the voltage source and the sensor take infinitely small volume compared to the conducting sphere, therefore producing no electric field of its own. (the case of non-negligible voltage source is considered in Section III-B). Furthermore, there is no voltage drop between the ideal charge sensor and the conducting sphere.
Assume at time t ≤ t 0 the device is previously being uncharged and after t > t 0 the device is connected to the voltage source. Calculating the accumulated charge on the sphere necessary to maintaining a voltage of V L leads to Q = 4π 0 r probe V L . This is the basic definition of the probe capacitance to ground, where C = 4π 0 r probe . The capacitance follows the standard relationship Q = CV L which leads to a very simple voltage transducer. If the value of C is known with certainty, for example by building a probe with a spherical shape of known radius placed in free space, then measuring the waveform of Q(t) gives us the waveform for V L (t).
B. Ideal Probe With Power Line
The proximity of the capacitive probe to the charging power line, or any other charged conductor will decrease the effective capacitance of the sphere. Consider Figure 1 (b) with the capacitive transducer but now attached between the device and the ideal voltage source is a power line. The center of the conducting sphere is at a distance of r s from the center of the power line.
Assume a switch connecting the probe to the voltage source is switched on at some time t 0 . At t ≤ t 0 the cable is charged at V L but disconnected from the probe. Given that the line is at V L there is a non-zero electric potential at various points in the system, V(r, φ, z).
Following the infinite length power line assumption, the voltage profile will have rotational symmetry as well as uniformity along the cable. Therefore, only V(r) needs to be considered. At the moment t > t 0 , only Q = C(V L − V(r s )) amount of electrons need to accumulate on the conductor surface in order to bring the device to line voltage V L . The voltage at the surface of the conductor due to the accumulated charge is V L − V(r s ), while the contribution from the power line is V(r s ) leading to both the power line and the device being charged to V L . This defines the effective capacitance C p Q/V L which holds regardless of power line proximity. Since Q = C(V L − V(r s )), the probe capacitance is now C p = C(1 − α(r)), where α(r s ) = V(r s )/V L is invariant to the actual voltage level and is computed from the system geometry. Therefore, introducing the power line and voltage source only reduces the capacitance seen by the ideal charge sensor.
C. Ideal Probe With Coupling Interference Source
Coupled measurements between nearby conductors is an important effect that must be considered. In a capacitive line sensor, the predominant form of interference is from crosstalk between the various lines. Here we present only a single interferer, but the results can be extended to multiple interfering power lines. Figure 2(a) shows the ideal body capacitor connected to the high voltage power line. This three conductor system contains (1) the body capacitive probe v 1 , (2) earth environment which is grounded and (3) the interferer v 2 .
In a multi conductor system, a capacitance matrix describes the electrostatic geometry [15] , [16] . Given the arrangement in Figure 2 (a), the full electrostatic environment is described by
Consider only the charge accumulation on probe q 1 since q 2 is of no interest. Recall the effective capacitance C p is due to both the ground and the external environment. The cross term c 12 is the interference term C I . This leads to
Therefore any interference signal is seen additively on the accumulated probe charge.
IV. SENSING METHODOLOGY
This section incorporates the physical model in Section III to develop a circuit representation of a passive LMCVT device. Then the active calibration is introduced and its practically implemented as shown.
A. Circuit Model of Body Capacitive Sensor
The circuit equivalent of the body capacitive probe with both proximity effect and interference is shown in Figure 2 (b). The ideal charge sensor used in Section III-A which measures the charge induced can be implemented in practice by an op-amp with feedback capacitor C s .
Assume the line voltage is v L (t) = V L cos(ωt + φ) and interference capacitance can be ignored, so C I = 0 We can calculate the output of op-amp (and high end of the differential ADC), V ADC+ (jω). Since it is a non-inverting operational amplifier with feedback amplifier Z F and input impedance Z IN the output voltage is
Here, assume that the operational amplifier is ideal. In practice a low M resistor is put in parallel with the capacitor to maintain the leakage current of the device. The low end of the differential ADC is
So the differential voltage measured at the input of the analog input is The addition of an interference source can be done via the superposition principle. Shorting the AC voltage source and the body capacitor leads to a negative feedback amplifier which results in the final form:
Notice this is equivalent to q 1 (t)/C S where the accumulated charge is given by (3).
B. Passively Calibrated LMCVT
Given this circuit model, a passive LMCVT merely samples the signal in (6) . The digital signal v[n] is then used to estimate the probe capacitance and the line voltage. With offline calibration methods,Ĉ p is assumed fixed and known. The line magnitude is then recovered via:V L = (C s /Ĉ p )V, whereV is the magnitude of the digital waveform v [n] . Passive calibration techniques in [13] and [14] propose using modeling assumptions onĈ p and v(t) as well as long time captures to estimateĈ p and finallyV L as before.
C. Actively Calibrated LMCVT
Active calibration is an alternative method where one or more out of band pilot signals close to 60 Hz be inserted between the line voltage and the charge sensing stage. This can be performed with a general DSP platform, as in Figure 3 . In this situation, the device is energized at voltage level v L (t), and the DAC output of the pilot signal is v P (t). The noninverting terminal voltage in an active calibration system is
From (6) , omitting the interfering power lines, the input of the differential measurement is
Since the line voltage and the pilot signal are at different frequencies, the received line voltage signal
The pilot signal is a known quantity, therefore, it is possible to use the known signal to recover C p . The practical implementation can be performed in an onboard DSP platform. Active calibration eliminates the need for performing offline calibration for 'typical arrangements' of capacitive probes on transmission and distribution systems. In theory, a small out of band pilot signal can estimate the probe capacitance at very high voltages. Consider a 300 KV high voltage line, and an injected pilot signal of 10 V. Given the typical body capacitance of C p = 20pF, if the maximum desired input magnitude is ±5 V, then the feedback capacitor must be 600 nF. In this situation, the amplitude of the pilot in the ADC is 167 μV. This may be lower than the noise floor, but since the geometry in high voltage lines changes so infrequently averaging periods can be rather long. In comparison, for a distribution line with nominal voltage of 10 kV, the minimum pilot voltage is 5 mV which will be close to but higher than the noise floor. A more practical solution is to increase the pilot signal magnitude. A simple analysis to determine the required pilot magnitude is as follows. Assume we want the line magnitude measured at the ADC to be within ±5V and the pilot to be at least ±5mV. Given a nominal probe capacitance, C P = 20 pF, we have the following relations:V L C P C S = 5V corresponding to a 5 V ADC dynamic range, and V P C P C S = 5mV corresponding to a 5 mV pilot recovered pilot signal. Therefore,
Computing the required pilot signal and feedback capacitors for typical primary distribution voltages yields the following practical values:
These voltages are possible on a PCB, but require more hardware. Amplifying the pilot signal can be done via transformers or solid state high voltage amplifiers. Additionally, differential amplifiers that can handle a high voltage common mode signal on its two input terminals are required for the signal acquisition (see [17] ).
D. Active Calibration and Line-Mounted Voltage Sensing
LMCVT technology is the only line mounted measurement technique that lends itself to active calibration. To In the case of electrostatic field measurement, the Point of Measurement (P.O.M) is a point inside the device. The measured value E = f (V L ) depends on the physical configuration of the conductor and the remaining environment. Normally, some offline procedure is used to calibrate an inverse mappingV L = f −1 (E), where f −1 (·) is fixed. An active calibration must have a voltage perturbation on the entire conductor, to measure a perturbed output f (V p ) since the field depends on the changed conductor interacting with the environment. In Figure 4 (a), the perturbation voltage must be placed on the entire conductor.
Alternatively, for capacitive coupling, the measured Q = g(V L ) depends on physical configuration of the capacitive material and the remaining environment. In this case, active calibration needs only to inject a voltage perturbation onto the conductive material to measure a perturbed output g(V p ) since the accumulated charge is caused by the conductive materials interaction with the environment. This arrangement is feasible in a practical line mounted circuit. In Figure 4 (b), the perturbation voltage can be placed between the conductor and the floating capacitor.
V. DEVICE PROTOTYPE Figure 5 (a) shows a line mountable prototype for evaluating the actively calibrated LMCVT technology. The prototype includes a number of commercial off the shelf and custom hardware components (shown in Figure 5 (b)): 1) Analog front end for pilot injection and signal recovery.
2) NI-9223 ADC and NI cDAQ-9191 will provide a 100 KS/s, 12 bit ADC and wireless streaming. Oscillator [18] which can be programmed to output pure and broadband pilot signals; 4) Bluetooth enabled microcontroller to control programmable oscillator; The device currently under development is shown in Figure 5 (b) and the analog front end in Figure 5 is used to detect changes to the environment so that a portion of the system output is discarded. After disturbances, the previous estimate data are discarded. In the following sections we elaborate on each of the subcomponents. Further work is needed to fully design optimal algorithms for these subcomponents.
B. Sinusoid Estimation
A Non Linear Least Squares (NLLS) Estimation procedure is applied to both v L [n] and v B [n] . This reduces to a standard least squares signal estimator for the signal amplitude and phase [19] - [21] . The method is applied on a vector of length N, which is set by the sample rate and expected device output rate. The nominal device output rate is f frame = 60S/s, which corresponds to a single cycle frame length. NLLS was chosen as opposed to a standard FFT for pilot magnitude tracking because it was seen that under short frame rates, NLLS had better performance.
The general least squares estimation problem is {θ,ω} = arg min
where v[n] is the sampled waveform and f θ,ω [n] is the fitting function. f θ,ω [n] is a sum of L sinusoids of various unknown frequency (ω), amplitude (α l ) and phase (θ ), given by
Assuming that the number of sinusoids can be determined from prior knowledge or pre-processing step (FFT analysis), the problem can be split into two separate subproblems: (1) ω known and θ unknown and (2) both ω and θ unknown. Both can be solved by the same computational steps: if ω is known,θ can be calculated by the following least square analysis. Note the fit function can be rewritten as
T is the unknown vector to be estimated.
The inference problem in (8) is non-linear in α l and φ l , but linear in γ l , η l , where γ l = α l cos(φ l ) and
constructed, which is equivalent to F(ω, θ ) = M(ω)θ , with the matrix
Assuming fixed frequency, the amplitude/phase component can be determined via linear least squares analysis:θ(ω) = arg min
The least square solution is the following:
Finally given the γ l , η l values, the sinusoid amplitude and phase is computed by:
This formulation allows us to separate the estimation of the multiple sinusoid parameters from the estimation of the frequency of the line/pilot/harmonics. Since the minimization in (8) depends on fixed pilot/harmonic frequencies ω, a second outer minimization can be performed to track each frequency. Stoica et al. [21] present a number of techniques to quickly estimate the frequency of various harmonics. This level of computation is required for tracking the pilot signal when it is surrounded by multiple harmonics. This has practical implications due to ADC clock drift: actively tracking frequency improves the estimate output.
C. Capacitance Estimation
Assuming a non-interfering pilot frequency, and noenvironmental changes, the capacitance of the system is fixed in moderate timescales (minutes to hours). Depending on whether single or multiple frequencies are used in the estimation, different estimation procedures can be deployed. Here only a single pilot mechanism is discussed.
Assume a constant C p (t) = C p over a short time horizon. In single pilot mode, the injected pilot signal is v P (t) = V P cos(2π f 1 t + φ 1 ). From (6), the recovered signal can be represented with the following linear equation:
for processing interval k = {1, . . . , K}. Here, w[k] is additive noise with noise bandwidth coming from the bandpass filter in Figure 6 . Over a long timeframe, if the probe capacitance is assumed fixed and no environmental changes are detected, we can average β[k] over the entire period. Therefore, the least square estimate of the probe capacitance is:
A similar least square method can be devised for a multifrequency pilot scheme, but is not explored here.
D. Line Voltage Estimation
Finally given the estimate of the probe capacitance,Ĉ P [k], the line voltage can be estimated from
Assuming
is set by the measurement output rate of the device. 
VII. ACTIVE CALIBRATION: EXPERIMENTS

A. Experiment Setup
The wall outlet voltage is connected to a variable transformer (variac), then to a step up transformer so that various test voltages can be generated (see the Appendix for further details). The maximum achievable voltage under this technique is 1.28 kV. This signal has a significant amount of harmonic distortion. However, achieving high accuracy under this condition lends confidence of the pilot mechanism working in an actual distribution and transmission lines, where out of band noise is common.
In the following sections, tests at various voltages are performed, indicated as {T 0 , T 1 , . . . T 9 , T 10 }. This corresponds to variac positions of {0%, 10, ...90%, 100%} of the maximum voltage output. The multimeter ground truth values are V L,t , for t = {0, . . . , 10}, and given in Table I , Column 1. Figure 7 (a). However, looking in the frequency domain, Figure 7 (b), the signal is close in magnitude with respect to the various harmonics of the mains voltage. These harmonics can be caused by (1) harmonic distortion from the ADC (2) harmonics of the 60 Hz signal that is normally present in the system. Figure 7 indicates that care must be taken in extracting the pilot amplitude.
B. Received Signal
C. Line and Pilot Signal Estimation
The captured waveform v[n] is lowpass filtered to remove any high frequency components. The NLLS procedure is applied on v L [n] under various test voltages. Figure 8 The controlled environment is the active calibration experiment performed inside the grounded cage. The free space experiments are performed with the mounted device outside of the cage. The experiments indicate that the received voltage magnitude are comparable in variation. This is very important since it indicates that under nominal conditions of fixed C p , the variation between each of the test options are nearly identical. As shown in Section VI-D, the largest source of error is the estimation error of the probe capacitance, and not the variation of the line signal. This makes sense since the maximum variation of the line voltage α[k] is well within the ±1% limits for full capture variation.
D. Capacitance Estimation Experiment
Figure 9(b) shows the estimate ofĈ p under each experiment. Although the signals look very close to each other, an upward trend with respect to the line voltage is evident (blue). A ground truth estimate of the probe capacitance, C p , is shown as well (horizontal-green). This is estimated from the experimental data by solving the following regression equation:ᾱ
Each experiment t will give an independent measurement of the average recovered line magnitudeᾱ t and true V L,t . Solving for κ in (15), and using (16) 
. Each variac test is an independent observation of (15) .
The error of a single cycle (K=1) estimate using (13) is the following:
For the 1.2 kV test environment, where C s = 10nF and V P = 10V, the variation of the capacitance estimate is small. To see why, the total additive noise on the original signal has a 3 − σ range of 2 mV. Since the signal is bandpass filtered, only a small portion of that initial noise will remain, and corrupt the capacitance estimate. Typically, This is important for two reasons: 1) It allows us to focus on the single source of error of the active calibration mechanism, the bias that is discussed in Section VI-D and indicated in Figure 9 (b). 2) It motivates the efficacy of environmental change point detection and frequency selection discussed in Sections VII-F and VII-G.
E. Line Voltage Estimation Results
Table I, shows the performance attained in the experiment where the line voltage magnitude is estimated via active calibration. Table I, 
for each test, can be computed. Therefore, following terms are reported on a single cycle basis: 1 error mean:
The results indicate that the current prototype is able to reach metering quality, in half of the test cases. The mean relative error over all the tests is 0.72%. This is because of the overall overestimate of the probe capacitance in each test as shown in Figure 9 (b) indicating a positive bias. However, this may be removed by a multi-frequency pilot mechanism or higher frequency pilots where there is less harmonic distortion on the signal.
Columns 3 and 4 indicate the voltage estimation results when the full scale capacitance C p is known. Clearly the mean bias over all tests is reduced so that it is close to 0%. In the experiments however, it is difficult to calibrate one device over another due to lack of high resolution multimeters. Both digital multimeters and the LMCVT may very well have offsets on the order of 1%. This, however, does not take away from the fact that in both cases, the maximum variation over all tests is quite small. In both cases, the mean error is less than 1% in the higher voltage cases, where the effect of external interferers is minimal.
These results can be compared to the passive calibration method published in [14] . This comparison is not exact since in [14] , 5 minute averages are used and the test voltage levels range from 5 kV to 25 kV. Following Row 2 of [14, Table IV Table I, Column 3 show single cycle tests where the mean error is μ(e) = 0.71%. Additionally, the maximum errors are (excluding the lowest voltage level r(e) = (0.03, 1.79). Comparing the variation of errors, [14] reports σ (e) = 4.2%, while the active calibration procedure attains σ (e) = 0.05%. Although, the mean error decreases by 60%, the maximum error decreases by 90% while the standard deviation decreases by 98%. It should be noted that this comparison is overly conservative since the reported values in Table I are for single cycle estimates, while [14] reports 5 minute averaged values.
F. Pilot Frequency Selector
Since the line magnitude can be orders of magnitude larger than the injected pilot signal, the presence of harmonics or spurious signal in the exact pilot frequency can be a source of error. Care must be taken in deciding what frequency is chosen. An experiment is performed where two non-harmonic pilot frequencies were chosen, 3.2 kHz and 5 kHz, and are used for active calibration. In this case, the 3.2 kHz frequency contained energy from other sources, while the 5 kHz frequency has none. These are referred to as available and occupied pilot frequencies. In the reconstruction of the pilot frequency, there is a very clear difference between the two signals shown in Figure 10 (a). In the experiment the least square estimate in (8) , is solved every 1/60 seconds. Using a sample rate of 55 kHz, this leads to ∼ 917 samples for estimation, leading to high accuracy in the NLLS procedure.
Observing the two situations indicate a clear difference in each signal type. A clear channel frequency leads to constant receive pilot amplitude, assuming that the environment is fixed. In this case, the error is of very low variance, uncorrelated and Gaussian. On the other hand, when the pilot frequency is occupied, the received amplitude is highly correlated with a variance an order of magnitude larger than in the clear channel case. There is likely to be confusion between interfering signals at a chosen pilot, and actual environmental changes that can lead to error if a single pilot signal in a fixed frequency is used. If multiple frequencies, or multiple pilots are used, this error can be averted.
G. Capacitance Change Detection
If the pilot frequency is clear of any interference sources, β[k] can be used to detect changes in the environment. At low enough signal frequencies it can be assumed that all frequencies will see the same C P (t). Any environmental disturbance affecting the 60 Hz line can be distinguished from actual voltage changes since it will be seen on a clear pilot frequency. An experiment illustrating this was performed. See the Appendix for details. A metallic pendulum was built and used to bring a grounded surface repeatedly close to the shell of the device, in order to simulate what would happen in some fast changing environmental change on the line. A line voltage of 1.2 kV was applied on the main line, with a pilot signal of 10 V at 5 kHz. Again, a 1/60 second capture window was chosen for processing. Although this can be varied, it's implausible that changes in the physical environment will occur at a very high rate. Figure 10(b) shows clearly that disturbances on both the 60 Hz line and 5 kHz pilot signal can be detected due to the sensitivity of the pilot signal. The frequency of the pendulum given by 1 2π g l ≈ 1.3Hz matches closely to the frequency of detected oscillation. The output of the detector will be a bad data quality flag indicating accuracy compromise of the system. Since environmental disturbances do not constantly occur on an undisturbed overhead line, the impact of measurement discontinuity is likely to be minor.
The variance of the pilot estimate in a fixed environment will be crucial to the performance of any change point detector. There is a tradeoff in computational resources dedicated to more refined pilot tracking; for example, (1) tracking and removing various harmonics, adaptively tracking and estimating their frequencies (3) length and bandwidth of bandpass filters.
It is clear that the change detection problem and the capacitance tracking problem can be solved separately. Provided better models of how probe capacitances behave in the real world in terms of disturbance frequency and magnitude, a joint capacitance tracking and disturbance detection method can be explored.
VIII. FUTURE WORK AND OPEN PROBLEMS
In order to further improve the accuracy of such technology and enable full deployment, the following future areas must be explored: 1) Interference Decoupling: In the case of multi-conductor systems, there will be multiple coupled sources at similar voltage levels as well as measurements at each source. Work is needed to design methods and algorithms where multiple phasor measurements are used to decouple each voltage source in this situation.
2) Bias Correction via multi-Frequency Pilot Mechanism:
As shown in Section VI-C, the offset in received pilot magnitude leads to an offset in the recovered probe capacitance as well as voltage estimate. A multifrequency pilot can potentially remove this bias and improve the estimated voltages, and should be explored. 3) Adaptive Frequency Selection: Work on efficient frequency probing/selection algorithms must be done to ensure that the pilot frequencies used can be used for probe estimation. Figure 10 
IX. CONCLUSION
This work presents a method of achieving high accuracy line mountable capacitive voltage transducers for high voltage applications. The method relies on computing the probe-toground capacitance in real time using out of band pilot signal injection. The concept is tested in experiments and a roadmap of a functional prototype is given.
APPENDIX
A. Low Voltage Test Environment
The test environment we use is a metallic mesh cage connected to ground. Low voltage tests are performed are susceptible to 60 Hz interference at 120/240 V which is an order Consider prototyping a system with V L = 10 V. Unfortunately, all nearby interference sources are scattered randomly in a real laboratory environment with V I = 120 V. Figure 11 shows the test setup used to generate a high voltage AC source. A variac connected to a step up transformer can generate a moderated AC signal for full scale voltage testing.
B. High Voltage Test Environment
C. Verifying Probe Capacitance in Low Voltage Testing
Here we demonstrate the basic body capacitive effect. First given a set of sheet metal plates of various sizes, we compute the theoretical capacitance of the probe with no charged device in proximity of the of the charged plate. This is done in COMSOL Multiphysics simulation environment using the electrostatic simulation package.
The test arrangement of this is shown in Figure 12 (a). To experimentally evaluate the charged plate with an ideal voltage source with no proximity effect reducing the effective capacitance we perform the following.
1) Place the voltage source (NI Hardware) and charge sensing device (metallic box) outside the grounded cage. 2) Connect the plate to a shielded cable which becomes unshielded at the entrance of the cage 3) Compute the total capacitance of the cable and plate body capacitance. This is done by measuring the rms input/output voltage ( Figure 13(a) ). This leads to an experimental value of C P . 4) Repeat step 3 with the cable alone. The difference in capacitances being that of the plate alone. Table II shows that for larger plates, the simulated value matches very closely to the electrostatic simulation. However the simulation and experiment diverge for smaller plates. Regardless, the experiments validate the basic premise of the body capacitor model. Figure 13 (a) shows a linear relation between V L and V CAP for each plate, validating the model.
D. Effective Capacitance
We show a method of verifying the proposed model for the effect of power line proximity to the body capacitance of a probe. Figure 14(a) shows a test setup inside the grounded cage. Like the test in Section C, in the Appendix, the instrumentation is placed outside of the cage to prevent any unintentional charge to act on the probe. However, there is an external field from the copper power line in the experiment. The probes are copper wires set on at fixed distances from the power line. This is done to minimize measurement error in evaluating various distances.
A similar procedure is conducted as in Section C, in the Appendix, where the capacitance of the cable and the probe is computed first; then the capacitance of the cable alone. The difference of the two being the experimental effective capacitance under a charged (C p ) and uncharged (C P ) power line. An experimental value of α(r) = 1 − C p C P is computed, where C p and C P are computed at each distance. A theoretical α(r k ) can be computed easily without computing the individual C p Fig. 14. 14(a) Experiment setup for evaluating the proximity effect on the probe capacitance. Setup similar to the plate test, except with wire probe and a charged conducted (at V L ) to simulate a power line the device will be connected to. 14(b) Iso-surface of voltage level computed in COMSOL for specific geometry. . Given the simulation tool, we can evaluate V(r) from the geometry as shown in Figure 14(b) . For simplicity we evaluate the CFD solution for the point voltage along the same position of the cable probe. An average of the solution vector is then V(r). Figure 13 (b) shows the results of measuring the quantity α(r) at the various locations of capacitive probe. The results show considerable agreement between the two models thus leading us to accept the model. The proximity effect is important to consider in the design of a final body capacitive probe. Notice that in location 4 which is only 4.3 cm from the line, α(r) is 0.8. Any probe that is closer to the power line will have an effective capacitance that is much smaller than in the uncharged case. Therefore, there is a minimum separation we need between the probe and the power line so as to have a value of C p that works in practice. Figure 15 (a) shows the pendulum test setup to generate a periodic disturbance that is easily detectable by the pilot signaling mechanism.
